Endosymbiotic Wolbachia infect a number of arthropod species in which they can affect the reproductive system. While maternally transmitted, unlike mitochondria their molecular phylogeny does not parallel that of their hosts. This strongly suggests horizontal transmission among species, the mechanisms of which remain unknown. Such transfers require intimate between-species relationships, and thus host-parasite associations are outstandingly appropriate for study. Here, we demonstrate that hymenopteran parasitoids of frugivorous Drosophila species are especially susceptible to Wolbachia infection. Of the five common European species, four proved to be infected; furthermore, multiple infections are common, with one species being doubly infected and two triply infected (first report). Phylogenetic statuses of the Wolbachia infecting the different species of the community have been studied using the gene wsp, a highly variable gene recently described. This study reveals exciting similarities between the Wolbachia variants found in parasitoids and their hosts. These arguments strongly support the hypothesis of frequent natural Wolbachia transfers into other species and open a new field for genetic exchanges among species, especially in host-parasitoid associations.
Introduction
The cytoplasmically inherited ␣-proteobacterium Wolbachia is probably one of the most widespread symbionts of arthropods: it infects acari (Breeuwer and Jacobs 1996) , and 15% of insect species could be infected (Werren, Windsor, and Guo 1995) . Recently, it has also been evidenced in nematodes (Sironi et al. 1995) . Its spreading in host populations is favored by its ability to modify the reproduction of its hosts in three ways. In most species, it induces cytoplasmic incompatibility in the form of a postzygotic reproductive isolation that occurs when infected males mate either with uninfected females or with females infected by another bacterial variant (Yen and Barr 1974; Hoffmann, Turelli, and Simmons 1986; Breeuwer and Werren 1990; O'Neill and Karr 1990) . In some haplodiploid hymenopteran species, infected virgin females produce all-female progenies (Stouthamer, Luck, and Hamilton 1990; ZchoriFein, Roush, and Hunter 1992) . Finally, in isopods, males are genetically feminized when infected (Martin, Juchault, and Legrand 1973; Rigaud et al. 1991; Juchault, Rigaud, and Mocquard 1992) . These modifications of the reproduction may interfere with the host's population dynamics and could have consequences on speciation processes (Breeuwer and Werren 1990) .
The ability of Wolbachia to invade host populations cannot account for the high number of arthropod species that are infected. Indeed, the reproduction alteration of the host can explain how Wolbachia invades new hosts but not how Wolbachia reaches these new hosts. Wolbachia's phylogeny has suggested possible explanations for this phenomenon. Studies based on 16S rDNA or ftsZ genes have placed Wolbachia in a monophyletic group that belongs to the ␣-proteobacteria. Wolbachia that infect arthropods are composed of two subdivisions, named A and B, which diverged 50 MYA (O'Neill et al. 1992; Rousset et al. 1992; Moran and Bauman 1994; Werren, Zhang, and Guo 1995) . Wolbachia's phylogeny does not parallel that of its hosts, which diverged a much longer time ago. Thus, despite the lack of direct evidence, Werren and O'Neill (1997, p. 11) believe that the ''widespread distribution in arthropods is clearly due to horizontal transmission.'' One of the main problems with the biology of Wolbachia is to attain an understanding of how these transfers can occur. Related pathogenic Rickettsia can FIG. 1.-Phylogenetic tree of Wolbachia based on a 365-base sequence of the gene wsp using the neighbor-joining algorithm. Wolbachia are identified by the names of the host species from which they were isolated. Species of the Drosophila complex are in bold type. Numbers in brackets distinguish Wolbachia variants that are found in the same insect species. See Materials and Methods for details on the origin of the sequences.
be carried to their vertebrate hosts by arthropod vectors (Hackstadt 1996) , demonstrating that transfer can occur between partners of different species. Host-parasitoid associations in which insect parasitoids develop at the expense of insect hosts before killing them are typical examples of intimate and long-lasting interactions between insect species (Godfray 1994 ) that may offer ideal conditions for transfers. However, experimental identification of horizontal transmission is difficult, since this is a rare event. One possibile way to study natural transfers is through the phylogenetic comparison of Wolbachia infecting highly interacting species. If transfers have occurred, the Wolbachia present in these species must be very similar. Up to now, only two studies have investigated the phylogenetic relationships of Wolbachia in host-parasitoid communities (Schilthuizen and Stouthamer 1998; West et al. 1998) , and none of them could show evidence of horizontal transmission. However, the authors of these studies used the ftsZ gene, which is not variable enough for clear-cut conclusions. Host and parasitoid share closely related Wolbachia in only one case (Werren, Zhang, and Guo 1995) , but this remains an isolated example.
To date, horizontal transmission of Wolbachia in hostparasitoid associations thus appears poorly documented and rather speculative.
For our study, we used the Hymenoptera-Drosophila community, in which hosts and parasitoids interact strongly, and a recently described gene, wsp (Wolbachia outer surface protein) (Braig et al. 1998; Zhou, Rousset, and O'Neill 1998) , the high variability of which now makes possible an accurate analysis of phylogenetic relationships among Wolbachia lineages, and which has never been used to for such a study. The results strongly suggest that parasitoids can acquire Wolbachia through horizontal transmission with high frequency.
Materials and Methods

Species and Strains
In southeast France, the community of frugivorous infests frugivorous Drosophila except for D. simulans. Three other species are generalist: Leptopilina heterotoma (Figitidae), which can also infest fungivorous Drosophila species, and two other parasitoids, Pachycrepoideus dubius (Pteromalidea) and Trichopria sp. (Diapriidae), that have larger and not well defined host spectra. The biologies of the different parasitoid species are described in Carton et al. (1986) . All insects used in this study originate from a restricted geographic area near Antibes, France. Since their collection, they have been reared on a Wolbachia-free strain of D. melanogaster.
Wolbachia Detection and Sequencing
For DNA extraction, adults were individually crushed in 150 l 5% chelex solution and kept for 2 h at 56ЊC. After 10 min at 95ЊC, samples were centrifuged. For PCR, 2 l of the supernatant was used. PCR reaction was done in a 25-l final volume reaction containing 200 M dNTP, 10 pM primers, 0.5 IU Taq DNA polymerase, and 2 l DNA solution. PCR conditions were 1 min at 95ЊC, followed by 35 cycles of 30 s at 95ЊC, 1 min at 55ЊC, and 1 min 30 s at 72ЊC. After the cycles, there was a 10-min elongation time at 72ЊC (Geneamp 2400, Perkin Elmer Cetus). We used either generalist primers of the FIG. 1 (Continued) wsp gene or specific primers of subgroups of Wolbachia (Zhou, Rousset, and O'Neill 1998) . According to Wolbachia variants, PCR products were sequenced either directly or after cloning in T-tailed vectors. Nucleotide sequences of Wolbachia are accessible in GenBank under accession numbers AF124852-AF124860.
Phylogenetic Analysis
The sequences from our data and other previously described sequences (Zhou, Rousset, and O'Neill 1998; Van Meer, Witteveldt, and Stouthamer 1999) were aligned using CLUSTAL W (Thompson, Higgins, and Gibson 1994) , based on the alignment produced by Zhou, Rousset, and O'Neill (1998) . Because most species are coinfected by different Wolbachia variants, we used specific primers which lead to shorter sequences than those used by Zhou, Rousset, and O'Neill (1998) . Two different trees were made, either based on a restricted region (365 bases) and including all sequences or based on a larger region (479 bases excluding the third hypervariable region; Braig et al. 1998 ). This second tree does not contain the two variants infecting Trichopria sp. Trees were constructed by the neighbor-joining method using the Jukes and Kantor distance in the PHYLO-WIN program (Galtier, Gouy, and Gautier 1996) . Bootstrapping was also done with PHYLO-WIN (500 replicates). 
Statistical Test of Horizontal Transmission
To test the possibilities for horizontal transmission, we developed the following statistical method. First, the phylogeny was simplified to eliminate possible cospeciation processes: the monophyletic group of Wolbachia that infect Trichogramma species was treated as a unique sequence, as were the closely related Wolbachia infecting two species of the same genus. Second, with respect to the tree topology, sequence names were randomly placed on the tree, and we recorded the number of wasp-host and wasp-wasp nearest neighbors (Jukes and Cantor distance Ͻ0.01). These two situations correspond to the possible transfers of Wolbachia in the community. The process was repeated 10,000 times. The percentage of trees bearing at least the same number of transfers as that observed gives the bootstrap probability. On the other hand, P. dubius carries a single Wolbachia. Finally, among 11 insect-Wolbachia associations, 9 involve parasitoid species. Since the four hymenopteran species belong to phylogenetically distant families, we can compare the results with a binomial distribution where P ϭ 0.5 (five Drosophila species and five parasitoid species). The observed distribution is highly biased (P ϭ 0.003), thus demonstrating that parasitoids are more susceptible to Wolbachia infection than are Drosophila.
Results
A phylogenetic tree based on the partial sequence of the gene wsp (365 bases) evidences two subdivisions (A and B) with more than 20% divergence, in full agreement with Zhou, Rousset, and O'Neill (1998) . The tree based on a larger sequence (479 bases) but without the Trichopria sp. variants gives the same topology, except for slight differences. The main difference is that the variant (variant 2) infecting L. heterotoma is in closer association with the T. bourarachae group even if it remains isolated (tree not shown). Thus, in order to use all Drosophilaparasitoid sequences, we used the tree based on 365 bases and all sequences for further analysis. Sequences of Wolbachia infecting D. simulans (type Riverside) and D. melanogaster are identical to those already described (Zhou, Rousset, and O'Neill 1998) .
In five cases, there are striking similarities between Wolbachia of parasitoids and hosts ( fig. 1) . Leptopilina heterotoma bears one Wolbachia (variant 1) which is identical to that of D. simulans (Riverside type), and they form an individualized subgroup compared with other Wolbachia of the A clade. This branch is highly supported, with a bootstrap score of 100. Similarly, A. tabida bears one Wolbachia (variant 2) closely related to that of D. melanogaster (no difference in the 365-base sequence used in the tree, four differences in the complete sequence [560 bases]; bootstrap score: 100). Leptopilina heterotoma (variant 3) and Trichopria sp. (variant 1) have identical bacteria which also form a separate highly supported branch with three other species that do not belong to the Drosophila complex (bootstrap score: 100). In this case, either the two parasitoids FIG. 1 (Continued) could have inherited their Wolbachia from a common host, or horizontal transmission could have occurred from parasitoid to parasitoid through multi-or hyperparasitism (simultaneous infestation of a host and parasitism of a primary parasitoid, respectively). Trichopria drosophilae (variant previously described by Van Meer, Witteveldt, and Stouthamer 1999) and A. tabida (variant 3) also share closely related Wolbachia that form another subgroup (bootstrap score: 100). A fifth possible transfer is shown by the similarity of Wolbachia in Muscidifurax uniraptor and P. dubius. Since these two generalist wasps parasitize pupae of Diptera species, they could have caught Wolbachia from a so far untested common host (such as Musca domestica). Moreover, P. dubius is able to develop as a hyperparasitoid (Van Alphen and Thunissen 1983) and could have caught Wolbachia from a primary parasite as well. Among all possible horizontal transfers between the insects considered here, the bootstrap probability for getting such similarities is only 4%. The high frequency of observed similarity or identity of Wolbachia in parasitoids and hosts strongly reinforces the hypothesis of frequent horizontal transmission of Wolbachia in host-parasitoid associations.
Discussion
The higher infection frequency in parasitoids, the common occurrence of multiple infection in parasitoids and not in hosts, and the identity and/or similarity of host and parasitoid symbionts are good arguments that horizontal transfers occur from hosts to parasitoids. The higher infection frequency in parasitoids can be accounted for by different hypotheses. Infection in Drosophila could be less stable than that in parasitoids due to either higher exposure to natural antibiotics (even though both partners share the same environment) or intrinsic properties of Diptera and Hymenoptera. However, the better hypothesis is that parasitoids are more susceptible to horizontal transmission of Wolbachia. Indeed, parasitoids could catch symbionts from their host either at the time they develop as parasitic larva within or outside the host's body or when they consume the host. In contrast, transfer from parasitoids to hosts is quite unlikely, FIG. 1 (Continued) since nearly no surviving hosts have been parasitized, and no parasitoid could develop in the absence of the host. Thus, parasitoids may be highly sensitive to Wolbachia infection but may be only a little involved in the transfer of Wolbachia to host species.
The common multi-infection found in parasitoids raises different questions. (1) Are these multi-infections stable? The triple infection is stable during generations, demonstrating a good transmission of the three variants. Moreover, all populations of L. heterotoma checked (10) are triply infected (results not shown). The same pattern is observed in A. tabida. Thus, these multiple infections are both temporally and spatially stable. (2) How can multi-infection invade populations? Wolbachia is known to induce cytoplasmic incompatibility in L. heterotoma (Vavre et al. 1999) , as well as in A. tabida (Werren, Zhang, and Guo 1995) and Trichopria sp. (results not shown). Under the hypothesis that all variants induce incompatibility and that monoinfected individuals are incompatible with multiply infected ones, multiply infected individuals are advantaged (Sinkins, Braig, and O'Neill 1995) . However, it is uncertain whether all var-iants can induce incompatibility. Another hypothesis is that some variants are hitchhiked with the variants that induce cytoplasmic incompatibility. (3) How many variants can infect an individual? It seems obvious that the main factor that can constrain the number of variants within the same individual is the efficiency of maternal transmission, which logically depends on bacterial density. If a new variant reaches a triply infected host, it is unlikely that it can reach the abundance threshold for efficient transmission. Thus, the diversity of variants that can inhabit the same individual is probably limited.
There are several cases in which Wolbachia found in parasitoids do not correspond to those found in hosts. This can be interpreted in different ways. First, these Wolbachia could have been caught from some untested occasional host species (Carton et al. 1986 To what extent can the process of horizontal transfer be generalized to other host-parasitoid associations? We should first note that absence of similarity is not a counterargument: occasional hosts may not have been checked for infection, and Wolbachia can be lost from the host. Moreover, the study of horizontal transmission may be easier for the A group. Among the nine variants detected in parasitoids, eight belong to the A clade, which includes only 50 of the 102 described Wolbachia (Werren, Windsor, and Guo 1995; Werren, Zhang, and Guo 1995; Braig et al. 1998; Zhou, Rousset, and O'Neill 1998; present data) . The probability of getting at least eight variants in the A clade is only 0.003. This highly biased distribution of Wolbachia in parasitoids has been pointed out in other Hymenoptera, mostly parasitoids (West et al. 1998) . Together with the higher differentiation within the B clade than within the A clade, this supports the idea of recent and rapid expansion of the A clade Wolbachia (Werren, Zhang, and Guo 1995) , which could result from more frequent transfers and reduced probability of loss in this group. Thus, further studies should consider Wolbachia of the A and B groups separately.
The parasitoid way of life favors horizontal transmission of Wolbachia and, thus, high infection rates in parasitoids. Can this also play a role in parasitoid speciation? The differentiation of Nasonia vitripennis and Nasonia giraulti offers a good example of reproductive isolation between individuals carrying different Wolbachia (Bordenstein and Werren 1998) . High occurrence of infection in parasitoids could thus account for a high rate of speciation in parasitoids (Godfray 1994) .
Horizontal transmission of Wolbachia seems to be frequent in host-parasitoid associations. Can this phenomenon be involved in other between-species genetic exchanges? The case of transposable elements is of particular interest, since they are considered to have circulated among species (Kidwell 1992) . We can thus wonder whether they used the same host-parasitoid route as Wolbachia and, even more, whether Wolbachia carried them while jumping across species.
